The mechanism of the idling-turnover reaction catalyzed by the large (Kienow) fragment ofEscherichia coli DNA polymerase I has been investigated. The reaction cycle involved is one of excision/incorporation, in which the 3' deoxynucleotide residue of the primer DNA strand is partitioned into its 5'-monoand 5'-triphosphate derivatives, respectively. Meanic studies suggest the 5'-monophosphate product is formed in the first step by simple 3' --5' exonucleolytic cleavage. Rapid polymerization follows with the concomitant release of inorganic pyrophosphate. In the second step, the 5'-triphosphate product is generated by a pyrophosphorolysis reaction, which, despite the low concentration of pyrophosphate that has accumulated, occurs at a rate that is comparable with that of the parallel 3' -*5' hydrolysis reaction.
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The multifunctional DNA polymerase I of Escherichia coli has served as the widely studied model for describing, at the molecular level, certain enzymatic processes involved in the replication of DNA (1) . In addition to its polymerase activity, the enzyme also catalyzes DNA degradation by distinct 5' --3' and 3' -* 5' exonuclease activities, as well as by net pyrophosphorolysis. Extensive kinetic (2, 3) and stereochemical (4, 5) studies of the various activities have elucidated the important underlying features of the phosphodiester bondforming and bond-breaking reactions. In addition, the availability of a 3-A resolution x-ray structure of the large proteolytic (Klenow) fragment of DNA polymerase I (6) has generated considerable interest in the area of structure-function assignment (7) .
The conversion ofa fraction ofthe available deoxynucleoside 5'-triphosphate (dNTP) pool into a corresponding monophosphate pool has provided evidence in support of alternating polymerase and 3' -> 5' exonuclease expression during the course of DNA synthesis (8, 9) . In view of the convincing evidence implicating the 3' -*5' exonuclease activity in ensuring fidelity (10) (11) (12) (13) , the extent of the dNTP -* dNMP conversion may thus reflect the degree of proofreading accompanying replication by DNA polymerases possessing such an exonuclease activity (14) . In the absence of the following complementary dNTP that is required for normal polymerization, the turnover process is exaggerated since the enzyme is constrained to "idle" at the pnimer terminus until depletion of the available dNTP pool is complete (15) . Comparative kinetic studies ofthe turnover reaction with the enzyme held in such an idling mode have allowed the evaluation of base misinsertion frequencies, thus demonstrating an important application ofthe idling-turnover process (16) .
In this paper, we report our results on the idling-turnover reaction catalyzed by the Klenow fragment (KF), which bear on the general problem of describing a unified mechanism of the interrelated activities of this enzyme.
MATERIALS AND METHODS
The Klenow fragment was purified from E. coli CJ155 according to Joyce and Grindley (17) . The E. coli strain was kindly provided by C. Joyce [3H]dATP (20 Fig. 2 . Surprisingly, the total 32P lost from the polymer is accounted for in the form of two distinct products. Besides tions (i.e., at low PP1 levels and on the same template-primer substrate) was required. For the reasons outlined above, pyrophosphorolysis rates were measured in the presence of an unlabeled triphosphate pool. It is important to note that equating a rate thus measured to the actual rate of pyrophosphorolysis, assumes that the triphosphate pool is not involved in the formation of an "activated" enzyme-DNA complex, which may be particularly reactive toward nucleophilic attack by PP1. The kinetics of triphosphate formation during idling-turnover are complicated by the constantly changing level of PPj during the course of the reaction, and initial rate measurements are, therefore, only approximate. Comparison of these approximations with the rate data obtained in the presence of 1-5 ,M supplemented PP1 indicates that the triphosphate-forming reaction during idling-turnover corresponds to a pyrophosphorolysis reaction involving 0.2-0.5 ,uM PPj. In all cases, the PP1 concentration thus extrapolated was less than the maximum theoretical amount that could be generated by complete turnover of the available triphosphate pool (1 ,M to 1 mM; Table 1 ). On the basis of these results, the triphosphate formation observed during idling-turnover may indeed be ascribed to a pyrophosphorolysis reaction effected by PPj generated in situ via pathways a and b of Scheme 2.
In conclusion, the idling-turnover reaction catalyzed by KF has been found to proceed via an alternating excision/incorporation cycle over the dNTP concentration range studied (1 AM to 1 mM). There is no evidence whatsoever for reaction via a misincorporation/excision pathway under these experimental conditions. This result may, therefore, raise some doubt concerning the mismatch specificity when determining misinsertion frequencies by the turnover assay (14) . Perhaps the most significant observation emerging from this study is the unusually low concentration of PP1 that is sufficient to effect the triphosphate formation during idling-turnover. The early kinetic studies of Deutscher and Kornberg (21) on the PPj exchange and pyrophosphorolysis reactions catalyzed by DNA polymerase I yielded KM values in the 0.5-0.7 mM range. Consequently, later diverse studies that ranged from elucidating the stereochemistry of the PP1 exchange reaction (3) to probing the effect of PP1 exchange on the fidelity of DNA replication (8, 22) , were all conducted at PP, levels that are at least 103-to 104-fold higher than those applicable to the present study. The constraint of the idling-turnover reaction (i.e., the absence of the following complementary dNTP) has allowed us to demonstrate that at the extremely low PP1 concentration of 0.1 AM, the rates ofpyrophosphorolytic and 3' --5' exonucleolytic degradation of duplex DNA by the KF of DNA polymerase I are equivalent.
